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ABSTRACT: Use of sustainable electrode components in Li-ion
battery technology is essential for large-scale applications while
addressing environmental concerns. Considering elemental abun-
dance, Fe-based compounds can, in principle, work as the most
economic cathodes. Fe-based hydroxysulfates LixFeSO4OH (x = 0
−1) can be harnessed as low-cost, sustainable, high-voltage, and
moisture-resistant battery cathode materials. In this system,
monoclinic (m) FeSO4OH and layered m-FeSO4OH were
previously reported as Li-ion battery cathode materials. Here, we
introduce orthorhombic (o) FeSO4OH as a potential low-cost
cathode for Li-ion batteries synthesized by using a facile low-
temperature hydrothermal route. The o-FeSO4OH cathode
delivers a reversible capacity of 100 mA h/g at a current rate of
C/20 (1e− = 159 mAh/g) at a working potential of ca. 3.2 V vs Li+/Li. A higher overpotential and faster rate kinetics compared with
that of m-FeSO4OH stem from the subtle deviations in the structural framework affecting the Li coordination environment.
Operando analytical tools, electrochemical titration techniques, and computational modeling are combined to characterize the
complex phase transformation during the (de)lithiation process.

1. INTRODUCTION
Lithium-ion battery technology has ushered in the wide-scale
use of portable consumer electronic devices and has now
brought us to the cusp of the electric vehicle revolution. The
factors related to the operation of cathodes, such as high
energy density, low-cost, environmental issues, and sustain-
ability, are crucial to the large-scale deployment of Li-ion
batteries.1,2 Although the layered oxide-based cathode
materials satisfy the high energy density requirement,3 they
suffer from the high cost of Ni and Co metals. From a
transition metal perspective, Fe-based materials form the most
economic cathodes, with Fe being the most abundant 3d
transition metal and the fourth most abundant element in the
Earth’s crust.4 Unfortunately, Fe-based layered oxides are
structurally unstable and ineffective for Li+ (de)intercalation,
which has led to the exploration of polyanionic materials as
cathode hosts having earth-abundant constituent elements and
ease of synthesis.
The electronegative polyanionic units (X) in polyanionic

materials activate the inductive effect by increasing the ionicity
of the metal (M)−oxygen (O) bond in the M−O−X
framework, thereby resulting in decreased separation between
the bonding and antibonding orbitals.5 The ripple effect of this
phenomenon is observed in the increased redox potential of
the M3+/M2+ redox couple. For a competitive energy density,

the position of the redox couple can be tuned strategically to
offset the theoretical capacity loss due to the mass of the
polyanionic units. This pursuit has unveiled suites of
polyanion-type cathode materials, including LiFePO4,
Li2FeSiO4, and Li2FeP2O7.

6−9 Exploiting the highly electro-
negative sulfate moieties, the fluorosulfates AMSO4F (A = Li,
Na, and K; M = 3d metals) have set the benchmark of the
highest potential of the Fe3+/Fe2+ redox couple as seen in
triplite LiFeIISO4F (3.9 V vs Li+/Li).10 This marked an
enhancement of 300 mV over the redox potential of Fe3+/Fe2+
at 3.6 V reported for the tavorite polymorph of LiFeIISO4F,

11

as a result of edge-shared FeO4F2 octahedra.
12 However, these

fluorosulfates are air-sensitive, demanding special material
processing and careful handling protocols.13 Furthermore, they
contain environmentally hazardous fluorine, rendering them
unsuitable for large-scale electrode applications.
In pursuit of fluorine-free and moisture-resistant analogues

of the LiFeSO4F material, hydroxy-based polyanionic materials
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can offer alternatives.14 Indeed, Pralong et al. reported
monoclinic (m)-FeIIISO4OH (s.g. C2/c) having Fe3+/Fe2+
redox couple centered at 3.2 V (vs Li+/Li) following a two-
step biphasic reaction mechanism.15−17 Noteworthy is the
decrease in the redox potential by 400 mV compared to
tavorite LiFeSO4F stemming from the reduced inductive effect
of the OH− vis-a-̀vis F− moiety. Interestingly, for FeS-
O4F1−yOHy (0.35 < y < 1) phases, the Li (de)insertion
mechanism was dependent on samples with F− content.18 To
overcome the voltage penalty, layered m-LiFeIISO4OH (s.g.
P21/c) having edge-shared Fe(OH)2O4 octahedra was reported
working as a 3.6 V (vs Li+/Li) cathode material based on the
single-phase topotactic insertion mechanism. However, the
interlayer van der Waals interaction hindered fast Li+ migration
resulting in moderate rate capability in comparison to tavorite
LiFeIISO4OH.19 This offers room to discover new Fe-based
cathodes that combine low materials cost, ease of synthesis,
and efficient electrochemical activity.
By exploiting polymorphism in polyanionic frameworks,

here we have introduced an orthorhombic (o) polymorph of
the FeIIISO4OH hydroxysulfate compound (referred to as o-
FSH from now onward) as a novel Li-ion insertion material. A
suite of electrochemical techniques has been combined with
first-principles calculations based on density functional theory
(DFT) to gain mechanistic insights into the electrochemical
properties. The o-FSH compound offers the advantage of ease
of synthesis based on a low-temperature hydrothermal
synthesis route using an earth-abundant sustainable precursor.
With excellent moisture resistance, it can work as a low-cost,
robust 3.2 V cathode for Li-ion batteries.

2. RESULTS AND DISCUSSION
2.1. Crystal Structure and Morphology. The poly-

anionic sulfate compounds are known to offer rich crystal
chemistry and polymorphism, which, in turn, affect the redox
mechanism and electrochemical properties. For instance,
monoclinic and rhombohedral polymorphs of Fe3(SO4)2
follow a biphasic and solid solution reaction mechanism
during Li (de)insertion, respectively.20 Similarly, tavorite
FeSO4OH and layered LiFeSO4OH exhibit biphasic and
solid solution mechanisms, respectively, to store Li.18,21

Furthermore, polymorphic changes can enhance the redox
potential for the same composition (3.6 V for tavorite
LiFeSO4F vs. 3.9 V triplite LiFeSO4F).

10,11

In this light, an orthorhombic polymorph of FeSO4OH (o-
FSH) was synthesized using a facile low-temperature hydro-
thermal synthesis route at 190 °C for 5 h using a commercially
available low-cost Fe2(SO4)3·xH2O precursor.22 In compar-
ison, synthesis of previously reported monoclinic (m)
FeSO4OH was cumbersome, involving higher annealing
temperature and longer duration (ca. 280 °C�1 week). The
phase purity of as-prepared o-FSH was confirmed by Rietveld
analysis of the high-resolution XRD pattern, using ICSD:
24079 (s.g. Pnma)22 as the reference model, as shown in
Figure 1a. The corresponding crystallographic parameters are
presented in Table S1 (Supporting Information). When
compared to the monoclinic FeSO4OH (m-FSH) and layered
LiFeSO4OH (lay-LiFSH) polymorphs as well as the bisulfate
and fluorosulfate cathode compounds, o-FSH offers several
advantages with respect to the ease of synthesis, low-cost
precursor, and ambient moisture resistance.
The effect of variation in synthesis conditions, such as the

annealing temperature and time, on the product phase and

morphology is shown in Figure 1b. At a lower temperature and
time of synthesis (ca. 150 °C−5 h), the hydronium jarosite
(H3O)Fe3(OH)6(SO4)2 phase was formed.23,24 In addition,
synthesis at 200 °C−60 h resulted in the formation of o-FSH
with preferential growth along the (020) plane, which was also
found to be the lowest energy surface plane from the surface
energy calculations, as discussed later. This observation was
further confirmed by its rod-like morphology exposing the
(020) plane (Figure 1b inset). In the intermediate region at
170 °C−24 h, a mixture of the hydronium jarosite and o-FSH
phases was observed. The formation of the o-FSH phase
evidently occurs at the expense of the hydronium jarosite.
The structure of o-FSH is shown in Figure 1a inset, which is

composed of [FeOHSO4]
2 chains formed by FeO4(OH)2

octahedra linked to SO4 tetrahedra along the equatorial
plane. A 3D framework is formed as the apical oxygens
connected with hydrogen shared with other Fe-octahedra. The
chains are stacked along the b-axis. It is noted that the crystal
framework of m-FSH (s.g. C2/c) can be obtained by moving
the upper layer of o-FSH by a/2 with respect to the layer
immediately below it.25 This o-FSH framework offers ample
room to accommodate Li-ion insertion in the vacant spaces
along the a-axis.
A comparison of XRD patterns of FeSO4OH polymorphs is

shown in Figure S1 in Supporting Information. A close
inspection of the two polymorphs of o-FSH (Figure 2a−c) and
m-FSH (Figure 2d−f) reveals very tiny structural variations.
Although, in both cases, the iron octahedra share corners with
four SO4 tetrahedra and two FeO4(OH)2 octahedra moieties,
one of the SO4 tetrahedra (encircled) is oriented differently in

Figure 1. (a) Rietveld analysis of o-FSH (s.g. Pnma) performed on
the high-resolution XRD pattern. obs., observed; cal., calculated; diff.,
difference; ref., reference. Inset: Crystal structure of o-FSH along the
a-axis. Yellow, brown, and red color represent sulfur (tetrahedra), iron
(octahedra), and oxygen atoms, respectively. (b) Comparative XRD
patterns of products obtained from variations in the hydrothermal
synthesis conditions with respect to temperature and time. Inset
(left). (020) and (201) planes shown for o-FSH projected along a
hexagonal tunnel. (Right) Rod-like morphology of the pristine
material synthesized at 190 °C�5 h and 200 °C�60 h. Note the
preferred growth of the (020) plane.
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o-FSH. Similarly, one of the iron octahedra connected to SO4
tetrahedra in o-FSH can be obtained by a clockwise rotation
from the corresponding arrangement in m-FSH. As a result, the
hexagonal tunnel encompassed by the FeO4(OH)2 and SO4
moieties is partially blocked by alternating SO4 tetrahedra in o-
FSH vis-a-̀vis m-FSH.
The exact orientation of the O−H bonds, not shown in o-

FSH (Figure 2a−c), remains to be established from neutron
powder diffraction (NPD) and DFT calculations. The O−H
bond would likely be aligned parallel to the equatorial plane of
iron octahedra connected to four sulfate tetrahedra and two
iron octahedra, as in the case of m-FSH. The orientational
disorder at high temperatures due to the rotational motion of
the translationally static sulfate ions has been exhibited by
polyanionic sulfates such as Li2SO4, Li4Zn(SO4)3, etc.

26 While
there is no thermal and temporal phase transition between m-
FSH27,28 and o-FSH (Figure S2 in Supporting Information),
the hydrothermal synthesis route used in the study might play
a role in disorienting [SO4]2− polyanions in the o-FSH phase.
The very small structural differences between these two
polymorphs are further substantiated by PDF analysis (Figure
2g) of total scattering data, and both Bragg and diffuse
scattering data were obtained from a sample contained in
quartz capillary using a high-energy Mo (0.711465 Å) X-ray
source. The PDF provides information about the real space
distribution of interatomic distances.29 The PDF patterns of
both FSH polymorphs do not completely overlap, with
noticeable deviations observed for the distribution of S−O,
O−O, Fe−Fe, and Fe−O bond distances. Overall, the
frameworks of o-FSH and m-FSH are largely similar, thus
offering similar average redox potentials for the Fe3+/Fe2+
redox couple. However, the orientational disorder of sulfate
polyanions in the Li migration channels may result in a sloped

(dis)charge profile for o-FSH as opposed to the flat biphasic
(dis)charge profile reported for m-FSH.20,30

The atomic-scale structural changes during Li (de)insertion
in the o-FSH structure have been investigated by using
combined DFT and force-field-based methods. The calcu-
lations started using a fully delithiated structure of o-FSH
(Figure 1a, Table S1 in Supporting Information), as obtained
from Rietveld analysis. The calculated structural parameters
were compared to the experimental values obtained from XRD
data, as listed in Table 1, revealing a good reproduction of the
lattice parameters of o-FSH.

For the simulations of the unresolved lithiated structure, Li
ions were then inserted at the 4a sites in the o-FSH structure
(Figure 3a) with the Pnma space group, and full geometrical

relaxation of the cell volume and coordinates was performed.
Using this initial relaxed structure, ab initio molecular dynamics
(AIMD) simulations were then conducted to find the favorable
Li positions within the unit cell at room temperature, and the
final optimized structure is shown in Figure 3b. It was found
that the Fe octahedra in the o-LiFSH structure are more
distorted than in o-FSH and the Li-ions also have a slightly
distorted octahedral environment. This structure of o-LiFSH is
similar to that of the monoclinic polymorph m-LiFSH, where
the Li and Fe ions are arranged in alternative layers. Here, the
layer structure is along the crystallographic b-direction (see
Figure 3b).
Previous studies on cathode materials have established DFT

methods as valuable tools to probe Li (de)insertion reactions
and to predict trends in cell voltage.35−37 Using the minimized
energies of the various relaxed structures corresponding to

Figure 2. Comparative illustration of local structural variations
between o-FSH (a−c) and m-FSH (d−f) based on structural
information obtained from powder diffraction. (a,d) Sulfate
tetrahedra, (b,e) iron octahedra and (c,f) hexagonal tunnel. (g)
Comparative PDF analysis of o-FSH (green line) and m-FSH (red
line) polymorphs was performed on total scattering data affirming
minute local structural variations.

Table 1. (a) Structural Parameters of o-FSH Calculated with
DFT + U and Compared with the Experimental Structure.
(b) Comparison between Calculated and Experimental Cell
Voltage Values (vs Li/Li+) for o-LiFSH

(a)

o-FSH parameters experimental calculated difference (Δ, %)

a (Å) 7.338 7.311 0.37
b (Å) 6.418 6.442 0.37
c (Å) 7.139 7.089 0.71
mean α, β, γ (deg) 90.0 90.2 0.22
volume (Å3) 336.21 333.84 0.71

(b)

x in LixFSH calculated voltage (V) experimental voltage (V)

1.0 to 0.5 3.34 ∼3.30
0.5 to 0.0 2.57 ∼2.90

Figure 3. Simulated structures of (a) o-FSH and (b) o-LiFSH. Here,
Li, Fe, S, O, and H atoms are shown in green, brown, yellow, red, and
light pink, respectively.
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LixFeSO4OH (0 ≤ x ≤ 1), the voltages of Fe2+/Fe3+ (vs Li+/
Li0) were computed [see Computational Methods (Section
4.5)]. The average calculated intercalation voltages for x
ranging from 1.0 to 0.5 and 0.5 to 0 are compared with the
experimental values listed in Table 1b, which are in close
agreement (Δ = 0.04 V for x = 1.0−0.5 and Δ = 0.33 V for x =
0.5−0), indicating the validity of the predicted lithiated
structures.
Electrode kinetics can be affected by particle morphology

and whether its surfaces expose facile Li ion channels.
Therefore, we investigated possible unique surface planes of
o-LiFSH after reproducing its bulk structure. The surface
energies (SEs) obtained from the modeling of crystal facets
and their corresponding symmetry-constrained equivalent
surfaces are summarized in Figure 4a [and Table S2
(Supporting Information)]. Among the surface facets exam-
ined, the (020) and (001) facets have the lowest SEs and are
found to dominate the predicted equilibrium prolate-shaped
morphology (Figure 4b). The (020) and (001) surfaces, which

have interconnected FeO4(OH)2 and SO4 polyhedra, are
shown in Figure 4c,d, respectively. This equilibrium morphol-
ogy agrees well with the observed morphology obtained using
the hydrothermal synthesis route with significant exposure of
the (020) plane (Figure 1b). This finding underscores the role
of the synthesis route in influencing particle morphology.

2.2. Intrinsic Defects and Li-Ion Migration Pathways.
Examining point defects is crucial to fully understand the
structural and electrochemical behavior of cathode materials.
The defect energies in o-LiFSH were calculated for a range of
defect types with a focus on Li-Frenkel and Li/Fe antisite,
which are generally prominent for polyanion cathode materials.
These defect reactions are represented by the following
equations using Kröger−Vink notation

Li Frenkel: Li V LiLi Li i+× • (1)

Li/Fe antisite: Li Fe Li FeLi Fe Fe Li+ +× × • (2)

Figure 4. (a) Calculated surface energies for possible surface planes of o-LiFSH. (b) Wulff construction31 of the equilibrium morphology of o-
LiFSH, composed of (020), (001), (201), (111), and (100) planes. The calculated shape resembles the experimentally observed prolate-like
morphology. Side view of (c) (001) and (d) (020) surfaces of o-LiFSH. The green, brown, and yellow colors represent Li ion, FeO6 octahedra, and
SO4 tetrahedra, respectively.

Figure 5. (a) Possible pathways for Li-ion diffusion in o-LiFSH. Brown polygons are FeO6 octahedra and yellow polygons are SO4 tetrahedra.
Activation energy barriers for Li-ion migration from nudged elastic band (NEB) calculations along (b) Li3 to Li4 and (c) Li3 to Li2. (d) Iso-surface
landscapes for the 2D Li migration pathway in o-FSH along the (010) plane from BVSE calculations. The Li3−Li4 pathway would be preferred,
restraining the Li-ion diffusion parallel to the (010) plane via 2D pathways.
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Since Li+ (radius 0.74 Å) and Fe2+ (radius 0.78 Å) ions have
a similar radius, they may show antisite defect behaviour,
which has been reported for other polyanionic materials such
as olivine-structured LiMPO4 (M = Mn, Fe, Co, and Ni).32,33

The calculations on o-LiFSH led to defect energies for the Li-
Frenkel of 2.45 eV and Li/Fe antisite defect of 1.15 eV; the
antisite value is lower than in tavorite-LiFSH19 and layered-
LiFSH,18 suggesting possible Li/Fe antisite disorder as found
in LiFePO4. It is recognized that electrochemical lithiation of
LiFSH may reduce the likelihood of such disorder. This
warrants further investigation of o-LiFSH on cycling using
NPD and Li nuclear magnetic resonance analyses.
Atomistic modeling can provide insights into Li-ion mobility

and favorable pathways, which is vital in understanding the rate
of charge/discharge of the cathode materials. The migration
barriers were calculated along two possible paths for Li-ion
diffusion within o-LiFSH: (path 1) the Li3 to Li4 hop parallel

to the (010) plane having a Li−Li distance of 3.69 Å, and
(path 2) Li3 to Li2 hop along the [010] direction or b-axis
with a Li−Li distance of 5.49 Å (see Figure 5a−c). The
calculated activation barriers for Li-ion migration along path 1
and path 2 are 0.26 and 1.79 eV, respectively. Hence, the Li
migration will be favored along a 2D pathway parallel to the
(010) plane. A qualitatively similar observation is drawn from
bond valence site energy (BVSE) analysis,34 confirming the
primarily 2D pathway for Li migration, as shown for o-FSH in
Figures 5d and S3 (Supporting Information).

2.3. Electrochemical Measurements with Operando
and Ex-Situ Analyses. The electrochemical performance of
as-synthesized o-FSH was evaluated in a half-cell configuration
against Li metal foil as a negative electrode using Swagelok-
type cells or CR2032 coin-type cells. The galvanostatic
(dis)charge profile of the o-FSH electrode acquired at a
current rate of C/20 (1e− = 159 mA h/g) is shown in Figure

Figure 6. (a) Galvanostatic (dis)charge profile for o-FSH, with corresponding differential capacity curve of the first two cycles, acquired at a current
rate of C/20 in a Swagelok-type half-cell configuration. 1 M LiClO4 dissolved in PC was used as an electrolyte. (b) The capacity retention was
observed over 25 cycles. (c) Galvanostatic profiles for o-FSH are shown at different current rates. (d) The discharge capacity as a function of the
rate suggests moderate rate kinetics. Potentiostatic intermittent titration technique (PITT) curve for (e) o-FSH and (f) m-FSH at a potential step
of 5 mV for 1 h with current decay set to |i| ≤ C/100. Note the current decay behavior of o-FSH and m-FSH. o-FSH has a wider solid solution
region.
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6a. The first discharge capacity is ca. 142 mA h/g (0.89 mol
Li+) with two distinct steps implying structural rearrangement:
first up to a capacity of 10 mA h/g centered at 3.2 V and the
second from 20 to 140 mA h/g centered at 2.9 V. In the
subsequent charge, 100 mA h/g (0.63 Li+) is extracted
following a notably sloped profile suggesting a single-phase
reaction mechanism. The following (dis)charge cycles retrace
the same sloped profile with good capacity retention (ca. 60%)
and Coulombic efficiency (ca. 100%) over 25 cycles (Figure
6b). A similar profile was observed even with a very slow rate
of Li (de)insertion at C/80 with intermittent equilibration of 1
h, using the galvanostatic intermittent titration technique
(GITT), as shown in Figure S4 of Supporting Information.
This result suggests that kinetic factors do not dictate the Li
reaction mechanism of o-FSH. Similar electrochemical
behavior was observed for the powder cell at a current rate
of C/20 (Figure S5 in Supporting Information).
The rate capability of o-FSH was measured at different

current rates of C/100 (0.01 C), C/40 (0.025 C), C/20 (0.05
C), C/10 (0.1 C), C/5 (0.2), 1 C, 2 C, and 5 C resulting in
discharge capacities of 88, 89, 82, 80, 67, 51, 37, and 15 mA h/
g, respectively (see Figure 6c,d). The steep fall in discharge
capacities at higher current rates is often observed for
polyanionic sulfates and likely stems from their poor electronic
conductivity. Nonetheless, the moderate rate kinetics of
pristine o-FSH is notable, leaving room for further enhance-
ment by employing electrode engineering measures such as
nanocarbon coating and intimate milling with conductive
carbon.
At this point, the electrochemical activity of o-FSH is

compared with that of m-FSH (see Figure S6 in Supporting
Information). m-FSH delivers a reversible capacity of 105 mA
h/g, after the first discharge capacity of 117 mA h/g, with a
redox potential of Fe3+/Fe2+ situated at 3.2 V, which accords
with the report by Pralong et al.16 The two-step biphasic redox
reaction of m-FSH is based on the change in the coordination
environment of Li from octahedral to tetrahedral geometry
corresponding to up to 50 and 100% Li accommodation within
the m-FSH framework.18 The mechanistic deviation of o-FSH
from m-FSH was investigated by using the potentiostatic
intermittent titration technique (PITT). The resultant current

decay behavior, under the condition of |i| ≤ C/100 after a
potential step of 5 mV for 1 h, superimposed on the voltage vs
capacity plot, is shown in Figure 6d,e. Since the excitation lasts
1 h, the capacity on the x-axis can also serve as a function of
time. Two shallow bell-shaped curves seen during the first
discharge of o-FSH (brown line) can stem from a non-
Cottrellian-type current response, characteristic of a phase
change, along the two plateaus. These non-Cottrellian regions
are punctuated by a narrow Cottrellian-type region attributed
to a monophasic domain (∼50 mA h/g). In comparison, the
minimally present bell shapes during subsequent Li-ion
(de)insertion processes (green line) due to a Cottrellian-type
current decay indicate a primarily topotactic reaction
mechanism. In contrast, m-FSH exhibits two deep bell-shaped
curves in each (dis)charge cycle. Indeed, on lithiation, the
pristine monoclinic framework of m-FSH (s.g. C2/c) trans-
forms into a triclinic framework (s.g. P1̅).18 Overall, o-FSH
exhibits a phase change during the first discharge followed by a
dominant solid solution redox mechanism accompanied by
likely minor structural changes as opposed to m-FSH
undergoing a biphasic reaction in all cycles. The Fe3+/Fe2+
redox potential is nearly identical in each polymorph: o-FSH
(3.15 V) and m-FSH (3.2 V) vs Li+/Li. It was also noted that
the electronic structure calculations revealed Fe3+/Fe2+ as
redox-active ions in LiFSH Supporting Information
The phase evolution during (de)lithiation of o-FSH was

probed by synergizing operando and ex-situ XRD techniques
(see Figure 7). A thin sheet of o-FSH composite was used as
the positive electrode in an in-house-developed operando cell
with an X-ray transparent Be window on the cathodic side. The
cell was electrochemically cycled at a current rate of C/35
(Figure S7), while the XRD patterns were recorded
continuously (operando) with an acquisition time of 10 min
(see Figure 7a). The characteristic XRD peaks of o-FSH:
(002), (201), and (020), disappear at about 50% of the first Li
insertion process. In addition, two new peaks grow at 24.3 and
27.2° and disappear before reaching 2 V, whereas another peak
appears at 26.3°. Evidently, the first discharge of o-FSH
proceeds through a structural change. In the following
(dis)charge segments, a gradual shift in the XRD peaks is
observed, attributed to a monophasic Li reaction mechanism.

Figure 7. (a) Operando X-ray diffraction patterns recorded during first discharge and subsequent (dis)charge of Li/LixFSH cell. The plot on the
right corresponds to the galvanostatic profile at a current rate of C/35. The states of 2.0 and 4.0 V are marked with dashed lines. (b) Ex-situ X-ray
diffraction patterns at 1st, 2nd, and 25th cycles. The XRD pattern for the electrode sheet and o-FSH and C mixture corresponds to the pristine
state. Note the excellent reversibility after 25 cycles.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c01652
Chem. Mater. 2024, 36, 8088−8097

8093

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01652/suppl_file/cm4c01652_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01652/suppl_file/cm4c01652_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01652/suppl_file/cm4c01652_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01652/suppl_file/cm4c01652_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01652/suppl_file/cm4c01652_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01652/suppl_file/cm4c01652_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01652?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01652?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01652?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01652?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


However, the operando XRD analysis is still qualitative due
to the higher noise-to-intensity ratio of the diffractograms.
Therefore, this is complemented by an ex-situ XRD study. In
this case, measurements on the Swagelok-type cells were
stopped at different states of charge and cycles, and the
respective X-ray diffractograms were compared (Figure 7b).
The polytetrafluoroethylene (PTFE) has a characteristic peak
at 18.1°, as seen for the pristine electrode sheet. The higher
intensity of the (020) peak compared to the (201) peak, unlike
the o-FSH and C mixture, is due to the rolling process during
electrode fabrication. As noted, a new XRD pattern is observed
at 2 V with a significant background contribution arising likely
from an amorphous phase in the lithiated LixFSH product. In
addition, the XRD pattern resembles the tavorite-type
LiFeSO4F

38 and LiFeSO4OH (s.g. P1̅).16−18 The end product
may be a mixture of crystalline and amorphous phases. On
subsequent Li ion extraction, the pristine o-FSH phase is
reclaimed (Figure 7b). The background contribution increases
as the signal-to-noise ratio decreases at 2 V in the 2nd and 25th
cycles while maintaining the structural reversibility to the
pristine phase (Figure 7b). Once again, the deviation of the Li
(de)insertion mechanism of o-FSH from m-FSH is under-
lined.18

The amorphization of the pristine phase during lithiation has
also been reported for hydroxy-based polyanionic compounds
NaFe3(SO4)2(OH)6 and tavorite LiFePO4OH, and it is
reflected as an upshift in the galvanostatic discharge profile
in the second cycle.24,39 While in the case of LiFePO4OH, a
completely irreversible structural breakdown occurs, the
layered NaFe3(SO4)2(OH)6 follows an amorphous−crystalline
transformation based on a solid solution mechanism due to the
reversible breakage of Fe−O−S bonds creating strongly
corrugated nonperiodic layers in the amorphous phase
(inorganic polymer-like phase). Figure 7 The possible
occurrence of a minor amount of an amorphous phase during
cell cycling warrants further investigation using synchrotron
diffraction.

3. CONCLUSIONS
We have successfully demonstrated orthorhombic FeSO4OH
as a novel low-cost ∼3.2 V polyanionic insertion host for Li-ion
batteries with a reversible capacity of ∼100 mA h/g (C/20).
This environmentally benign hydroxysulfate cathode is
synthesized using a facile hydrothermal route at 190 °C for
5 h. The particle morphology exposes the (020) plane, which is
also favorable for fast electrode kinetics. This hydroxysulfate
framework provides fast two-dimensional Li ion migration
pathways with a low activation energy barrier (0.26 eV). The
orthorhombic FeSO4OH polymorph undergoes a partial
structural transformation during the first cycle, resulting in
the reversible formation of an amorphous matrix and
crystalline LixFeSO4OH phase linked to the labile Fe−O−S
bonds. The sloped (dis)charge profile may stem from the
combined effect of amorphization and the differently oriented
SO4 units within the crystalline o-FSH framework. Overall, this
study not only enriches the database of Fe-based cathode
materials but also stimulates further exploration of earth-
abundant and low-cost polyanionic insertion hosts for Li-ion
batteries.

4. EXPERIMENTAL METHODS
4.1. Synthesis. Orthorhombic FeSO4OH was prepared by using a

hydrothermal route. The precursor Fe2(SO4)3·xH2O (Sigma-Aldrich,

75% assay) was dissolved in deionized water, resulting in the
formation of a translucent brown-colored solution. Subsequently, this
solution was transferred and filled up to 75% of a 25 mL Teflon-lined
hydrothermal reactor, which was heated to 190 °C (heating rate = 5
°C/min) for 5 h. Post furnace cooling, the product was repeatedly
rinsed with water and was recuperated by centrifugation. Finally, the
material was rinsed with ethanol, centrifuged, and dried in a hot air
oven at 70 °C for 12 h. The target compound has an off-yellow color.
The influence of synthesis conditions on the structure and
morphology of the final product phase was examined by varying the
annealing temperature (140−200 °C) and duration (5−60 h).
Monoclinic FeSO4OH was synthesized by the heat treatment of
FeSO4·7H2O at 280 °C for 1 week in air.

4.2. Structural Characterization. The powder X-ray diffraction
(PXRD) patterns were acquired using a PANalytical Empyrean X-ray
diffractometer (PANanalytical, Malvern, UK) having a Cu Kα source
(λ1 = 1.5405 Å, λ2 = 1.5443 Å) operating at 40 kV/30 mA. PXRD
patterns were collected in Bragg−Brentano geometry (reflection
mode) in the 2θ range of 10−80° with a step size of 0.026°. Rietveld
analysis was performed with the ED-PCR program embedded in the
FullProf suite.40 Crystal structures were illustrated using VESTA
software.41

The total X-ray scattering data for PDF analysis was carried out
using a Rigaku SmartLab X-ray diffractometer (Mo rotating anode, no
monochromator, λ = 0.711465 Å, HyPix3000 detector) in trans-
mission mode for the sample contained in 0.6 mm quartz capillary
using Si as standard. The PDFgetX42 and PDFgui43 programs were
used to extract and analyze experimental PDF.

The powder morphology was observed using a Carl Zeiss Ultra55
field emission scanning electron microscope, equipped with a thermal
field emission-type tungsten source operating at 0.1−30 kV.

4.3. Electrochemical Characterization. The pristine powder
and carbon (70:20) were hand mixed for 30 min by using a mortar
and pestle. The final active material/Super P carbon/PTFE binder
ratio was maintained at 70/20/10 with the appropriate addition of
PTFE binder into the powder mixture. Rolled electrode sheets were
then obtained, which served as the working electrodes. For powder
cell, the pristine powder was intimately milled with Super P carbon
(80:20) using Spex 8000 M miller for 40 min with a protocol of 4 ×
10 min with 10 min intermittent rest. The Swagelok-type half cells
and CR-2032-type coin cells were assembled inside an Ar-filled
glovebox (MBraun GmbH, 3 mbar, O2 and H2O < 0.5 ppm) with the
following configuration: cathode | glass fiber separator soaked with 1
M LiClO4 dissolved in PC acting as electrolyte | Li metal foil (as
counter and reference electrode). These cells were electrochemically
cycled by using BioLogic BCS-805/810 workstations. The galvano-
static titration technique was performed at a current rate of C/80 with
a (dis)charge step of 1 h with intermittent 1 h rest. The potentiostatic
titration technique was performed at a potential step of 5 mV for 1 h
with current decay set to |i| ≤ C/100.

4.4. Operando and Ex-Situ XRD Characterization. For ex-situ
XRD, the Swagelok-type cells were disconnected at different voltages
(or states of charge) of the galvanostatic cycle. Subsequently, the cells
were dissembled inside the glovebox. The recovered cathode was
washed with anhydrous dimethyl carbonate and later dried before
further characterizations. As hydroxysulfate-based materials have been
observed to be air/moisture resistant, ex-situ XRDs were acquired
without any protection.

The operando XRD measurements were carried out during
electrochemical cycling to monitor the underlying structural
modification. The study was carried out using an X-ray transparent
electrochemical cell (Swagelok type) with Be window on the cathodic
side.44 A Rigaku MiniFlex600 diffractometer, equipped with a high-
speed one-dimensional D/teX Ultra2 detector and a Cu rotating
anode working at 40 kV and 15 mA, was used to acquire operando
XRD data. The diffractograms were acquired in the 2θ range of 10−
50° at the step of 0.01° with an overall acquisition time of 10 min.

4.5. Computational Methods. As the methods used for the
atomistic simulation and DFT studies are well established,35,37 general
outlines of the employed methods are given here. Force-field-based
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simulations were carried out to examine intrinsic defects, which have
been applied to a range of polyanion cathodes including LiFePO4,
Li2FeSiO4, and Li2Fe(SO4)2.

37,45,46 The long-range electrostatic and
short-range Buckingham potentials along with three body Morse
potentials for SO4 units were used for the atomistic simulations and
are listed in Table S3 in Supporting Information. The lattice
relaxation around the defects was performed using Mott−Littleton
methods as implemented in the general utility lattice program
code.47,48 The advantage of using this method is that it considers
thousands of ions in both regions, which is a challenging task for
computation using electronic structure methods.

DFT studies were performed using a plane wave-based Vienna ab
initio simulation package (VASP).49−51 For structural modeling, a
high cutoff value of 850 eV was chosen for the plane-wave basis sets
with a k-points mesh density of at least 0.27/Å and the use of
projector augmented wave potentials52 and a revised Perdew−Burke−
Ernzerhof for solids (PBEsol) functional.1,53 Complete spin polar-
ization was employed in the calculations, and the antiferromagnetic
ordering of the spins of Fe atoms was found to be favorable. To treat
the strongly correlated Fe-3d states, DFT + U correction was
considered in the calculations using an effective U value of 4 eV.37 To
find the unknown Li positions in lithiated o-LiFeSO4OH, AIMD
simulations were performed in VASP with an NVT ensemble. The
AIMD calculations were started with an optimized cell parameter for
the lithiated o-LiFeSO4OH structure generated from o-FSH. The
Nose−Hoover thermostat and the Verlet algorithm were used, with a
0.5 fs time step for 5 ps simulations to capture the rapid motion of
light elements such as Li and H. To reduce the computational cost, a
lower cutoff of plane-wave basis sets of 520 eV was chosen for the
AIMD simulations and surface slab calculations. The activation barrier
heights for Li-ions migration were calculated using the nudged elastic
band (NEB) method and constrained energy minimization. Five
images for the diffusion species were generated along each diffusion
path at equal distances using the interpolation method, and the
intermediatory images were optimized using the climbing image NEB
algorithm within the VASP code.54

The SEs were calculated using the following formula

E n E m

A
SE

2
i i isurface bulk=

· ·
· (3)

where Esurface and Ebulk are the total energies of the surface planes and
bulk-LiFeSO4OH, respectively, (using DFT), n is the number of
formula units present in the surface plane, and A is the area of the
surface plane. mi i i appears if the surface slab is nonstoichiometric,
and mi,μi are the number of an element and the chemical potential of
that element, respectively.

The cell voltages were calculated using a well-established
methodology and based here on the following formula.

V
E E Li x

x
LiFeSO OH FeSO OH (1 ) Li

(1 )
x4 4=

{ } { } × { }

(4)
where E{Y} is the total energy for composition Y, x is the number of
Li (de)inserted, and μ is the chemical potential of a single Li atom.
Such DFT-based methods have been applied to a range of Li-ion
cathodes.35,55,56
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